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ABSTRACT
From medicine to aerospace, innovation in multiple fields will not 
occur without addressing current questions that still exist in polymer 
behavior and manipulation.  This dissertation represents the research 
carried out over the course of three separate experiments using 
rheometry as the key technique to explore the behavior of polymer 
composites.  In all three studies, polymer composites were 
investigated for changes to their known physical properties caused 
through the addition of a filler or functionalization. 
Chapter Two examines the possibility of enhancing poly(4-
methyl-1-pentene) through the use of soluble carbon nanotubes.  In 
this series of experiments, carbon nanotubes were covalently 
functionalized using reductive alkylation with a dodecyl group to 
render them easily soluble in the same organic solvents as low 
molecular weight poly(4-methyl-1-pentene).  The polymer and the 
functionalized nanotubes were dissolved together in carbon 
tetrachloride then, the solvent was removed leaving the functionalized 
nanotubes uniformly dispersed in the polymer matrix.  The composites 
were then compression molded and the changes to the physical 
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properties were explored.  The functionalized nanotube filler generally 
acted to plasticize the samples producing transparent but colored 
polymers.  The samples had a lower modulus and glass transition, 
which was the opposite found by Clayton et al. using sonicated 
pristine carbon nanotubes.
Polyurethanes have a growing significance in the biomedical 
field, and in Chapter Three we explore the possibility fine tuning the 
properties of a polyurethane for such uses.  Here, self healing 
Polycarbonate polyurethanes (PCU) were synthesized with two 
different soft segments, Nippollan 964 and T-5652, and characterized 
with dielectric analysis (DEA), differential scanning calorimetry (DSC) 
and rheometry.  The extra methyl group acted to produce a 
crystalline-like ordered hard segment that caused the 964 PCU to 
become Arrhenius in the glass transition region where the 5652 PCU 
had followed WLF behavior.  Results showed the pendent methyl group 
acted to impart a crystalline-like character to the 964 PCU making it a 
candidate for applications that would be suited to a stiffer polymer.
In Chapter Four we explore the possibility of increasing the 
wearability and comfort of contact lenses through increased hydration. 
The hydrogels 2-hydroxyethylmethacrylate (HEMA) and glycidyl 
methacrylate (GMA) solutions were created in three concentrations; 
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neat, 50/50 and 60/40.  Into these samples
[Cu2({μ2-CO2}R)4(axial)2] (Cu(II) 4-hydroxybenzoic acid (MHBC) was 
dissolved 0.05% by weight.  The samples were then  polymerized via 
UV polymerization and compression molded.  The experiments 
performed included penetration resistance, water absorption, micro 
hardness and glass transition.  Addition of the MHBC acted to increase 
the water uptake of the samples but also reduced their ability to 
withstand mechanical penetration.  With further study into 
crosslinking of the polymers, the MHBC could show promise in 
increasing hydration for commercial use.
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CHAPTER 1
Introduction
The relevance and influence of polymers is growing in a number 
of fields and endeavors, from defense and space exploration to 
medicine and personal care in products such as contact lenses. The 
use of rheometry—the study of a material's ability to deform under 
stress—can contribute to a deeper understanding of polymer behavior 
and its impact on all of these fields. Through a series of three papers, 
using rheometry as our key methodology we explored the properties 
of polymers in three salient areas impacting industry: structural 
enhancements through the addition of carbon nanotubes, increased 
mechanical properties of biocompatible polyurethanes, and the 
hydration and and flexibility of contract lens hydrogels. 
In each of these areas we sought to build upon the research of 
our predecessors and are especially grateful for the foundations built 
by lab mates Kadine Mohomed, LaNetra Clayton, Crystal (McCann) 
Anderson, Rodger Bass, and Brent Hilker.  It is also our hope that our 
research may be used to pose questions for future research.
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In this work, the principle tool used to explore this relationship 
was the rheometer.  Four different polymers, poly(4-methyl-1-
pentene), polycarbonate polyurethane, poly(2-
hydroxyethylmethacrylate) (PHEMA) and poly(glycidyl methacrylate) 
(PGMA) were explored using rheometry in their neat and filled form.  
In the third study, the rheometer was used to test the resistance to 
penetration of filled and unfilled PHEMA-PGMA composites.
With the goal of improving the physical characteristics of poly(4-
methyl-1-pentene) (PMP) for industrial uses, the first study employed 
the rheometer to show a large and well defined glass transition that 
compared samples with different weight percentages of filler to neat 
PMP.  The glass transition is usually too weak to be observed with 
differential scanning calorimetry (DSC) but can be and was probed 
with rheometry giving access to molecular mobility information.
For the purpose of improving biomedical grade polymers, the 
second study compared two polycarbonate polyurethanes, one with a 
methyl group attached to the soft segment and one without.  Here the 
rheometer data were used to confirm the change in apparent 
crystallinity shown by DSC.  The data were fit to the Williams–Landel–
Ferry Equation (WLF).  This plus the technique of time-temperature 
superposition was used to compare activation energy of the glass 
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transition using measured constants for C1 and C2 (defined in chapter 
3) instead of universal values.
In the third study, our goal was to explore ways to improve the 
comfort and wearability of contact lenses.  It was the only set of 
experiments here in which two different polymers were compared to 
each other.  Instead of stress and deformation the rheometer was 
used to probe the material resistance to mechanical penetration.  A 
fixture was produced in our lab that provided the same data as a 
commercially available version but at a cost that was not prohibitive.  
This allowed for industry style tests to be run and for a relatively 
simple comparison to widely available name brand contact lenses.
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CHAPTER 2
The Effects of Covalently Functionalized Single Walled 
Carbon Nanotubes Dissolved in Poly(4-methyl-1-pentene)
Introduction
Polymer nanocomposites are a group of materials that show 
much promise for the construction of everything from spaceships to 
implantable medical devices.  This range of possible uses is due to 
their strength, flexibility and compatibility.  Many efforts have been 
made to control the physical properties of polymers to make them 
more useful.  Of late, the use of carbon nanotubes, CNTs, has 
garnered attention.  This attention is justified due to some of the 
unique properties of CNTs that include high modulus and electrical 
conductivity (Clayton et al., 2005).  However, taking advantage of 
these properties can be a challenge.  First the CNTs must be included 
in the polymer matrix.  This has not always been an easy task 
considering the tendency of CNTs to agglomerate, similar to graphite, 
due to van der Waals forces (Klabunde, 2001).
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The most notable methods for overcoming this tendency are 
dispersion through sonication, covalent functionalization, in situ 
polymerization and use of novel solvent combinations (Clayton et al., 
2005; Klabunde, 2001).
Each system has its advantages and drawbacks.  Suspended and 
dispersed CNTs can fall out of solution or be damaged with too much 
mechanical energy.  The covalent functionalization of nanotubes, 
FCNTs, can change the properties of the tubes from those of interest.  
Work done in this lab by Clayton et al was based on the combination of 
solvents and sonication.  In an attempt to build on this work 
functionalization was used to achieve polymer FCNT composites.  
Poly(4-methyl-1-pentene), PMP, was chosen as the polymer matrix 
because of its ease of availability, relatively high modulus and the 
crystalline and amorphous segments having the same refractive index 
resulting in transparency.  The functionalization was achieved using 
reductive alkylation and 1-Iodododecane (Feng et al., 2004).  To the 
best of our knowledge, this technique has not been used to render 
CNTs soluble in a polymer matrix of PMP.
Before functionalization it was desirable to purify the CNTs 
because, when purchased commercially, they can be as much as 35% 
- 50% amorphous carbon and catalyst by weight (Yu et al., 2004).  
5
Two methods of purification were chosen to prepare the nanotubes for 
dispersion for their ease of use and relatively high yield.  The first 
involved acid digestion of the metal catalyst and amorphous carbon 
before the functionalization step but resulted in a recovery rate too low 
to be useful in this experiment (Yu et al., 2004).  The second method 
involved filtration after the functionalization and had a recovery rate 
high enough to produce FCNTs in excess of what was needed.  After 
purification the FCNTs were dissolved in carbon tetrachloride along 
with PMP.  The solvent was removed, leaving the FCNTs 
homogeneously distributed in the polymer.  Four samples were then 
made: neat, 0.5%, 1%, and 2%, w/w.  These samples were then 
characterized using differential scanning calorimetry, rheometry, UV-
Vis, Microhardness, Raman, 1H-NMR and  powder x-ray diffraction.
Experimental
Materials
The low molecular weight poly(4-methyl – pentene),
1-Iodododecane and single walled carbon nanotubes were purchased 
from Sigma-Aldrich (St. Louis, MO, USA).  The anhydrous ammonia 
was purchased from Airgas (Tampa, FL, USA).  
6
The solvents and acids were obtained from Fisher Scientific while the 
dry ice was purchased locally.
Methods
Purification of CNT Before Functionalization:
Raw CNTs were sonicated in 6M nitric acid for 4 hours to remove 
any leftover catalyst from the production process.  The mixture was 
then diluted and filtered through polycarbonate filters of 0.22 μm pore 
size.  The product was rinsed with distilled water until the pH was 
neutral as measured by a Fisher Scientific accumet® pH meter.  To 
remove the amorphous carbon from the nanotubes the product from 
the first step was sonicated in a 3:1 mixture of sulfuric acid to nitric 
acid for 1 hour.  The product was then filtered and rinsed as before.
Functionalization:
The CNTs were functionalized using reductive alkylation.  
A 500 mL three neck flask, 200 mL separatory funnel and several 
glass joints were dried in a vacuum oven.  The glassware was 
assembled hot and anhydrous ammonia was passed through the 
system to remove the air.  100 mg of purified carbon nanotubes and a 
stir bar were added to the flask.  0.75 mL of 1-Iodododecane were 
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added to the separatory funnel.  A dry ice condenser was attached to 
the flask and filled with dry ice and acetone and a steady stream of 
anhydrous ammonia was condensed into a liquid filling the flask to 
about 60 mL.  115 mg of lithium metal were cut into small pieces with 
a razor and cleaned by immersion and agitation briefly in ethanol.  
After immersion the lithium turned shiny and metallic.  The lithium 
was then quickly dried and added to the flask.  The liquid ammonia 
turned blue as the lithium dissolved.  Once the metal was completely 
dissolved the 1-Iodododecane was allowed to drip in from the 
separatory funnel at a rate of about one small drop every five 
seconds.  Adding the 1-Iodododecane at the proper rate was the key 
to a successful reaction.  In previous attempts, adding it too quickly 
or too slowly caused the alkylation reaction to not go forward 
The mixture was allowed to react until the solvent evaporated.  After 
several trials it was observed that when the reaction is proceeding 
properly, the stir bar can be momentarily stopped and small bubbles 
of hydrogen gas will be seen evolving from the reaction.  Figure 2.1 
illustrates the reaction.  The lithium amide, lithium iodide and FCNTs 
were suspended in a mixture of water and 10% HCl.  This solution 
dissolved the lithium salts and dispersed the carbon structures. 
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Figure 2.1 Reductive Alkylation of SWCNT
 Several milliliters of hexane were then added to the separatory 
funnel.  With slight agitation the carbon structures moved to the 
organic layer leaving the dissolved lithium salts in the aqueous layer.  
The organic layer was then vacuum filtered through a 0.5 μm pore size 
Teflon® filter.  The filtrate was clear and light brown in color due to 
dissolved functionalized carbon nanotubes with no precipitate even 
after several weeks.  The use of a bright white light showed no sign of 
the Tyndall effect.  The amorphous carbon and non functionalized 
nanotubes formed a layer on top of the filter and were removed.  
9
The initial 1H-NMR of the sample showed a small amount of unreacted 
1-Iodododecane.  This was removed, after the initial extraction, by 
rinsing the FCNTs several more times and drying them in a vacuum 
oven for several days with some of the time spent near the boiling 
point of the 1-Iodododecane.
Sample Preparation for Rheometer:
Four 25 mL scintillation vials were cleaned and dried.  To each 
was added 2 g of low molecular weight pellets of PMP.  FCNTs were 
added to the vials in the weight percentages of neat, 0.5%, 1.0% and 
2.0%.  The vials were then filled with carbon tetrachloride and placed 
on a hot plate and warmed to a few degrees below boiling.  This 
dissolved the dry FCNTs and PMP forming a clear viscous liquid.  The 
vials were then removed from the hot plate and allowed to cool.  The 
mixture solidified.  The samples were then placed in a vacuum freeze 
drier for three days to remove the solvent.  The dry samples were 
ground into a fine powder.  The powder was used to fill molds with the  
dimensions of 50 mm x 10 mm x 1.5 mm.  The mold was placed in a 
Carver Press and heated to 230 °C.  5000 psi was applied for 5 
minutes.  The heat was turned off and the press was water cooled 
while maintaining pressure until room temperature was reached.
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 The samples were removed from the mold and lightly sanded on the 
edges to remove overflow from the molding process.
Differential Scanning Calorimetry (DSC):
All DSC experiments were carried out on a TA Instruments DSC 
2920 to determine the percent crystallinity and melt temperature. The 
samples (7 – 9 mg) were hermetically sealed in aluminum pans and a 
heat–cool–heat cycle was performed to give all the samples the same 
thermal history.  The DSC cell was kept under an inert nitrogen 
atmosphere and heated using a ramp rate of 10 °C/min to 250 °C then 
cooled to 0 °C and reheated to 280 °C for the data collection.
Rheometry:
The TA Instruments AR-2000 was used to explore changes in the 
glass transition, Tg , storage modulus, G', loss modulus, G”, tan δ and 
viscosity.  The experiments were carried out as an oscillation 
procedure.  The sample temperature was swept from -10 °C to 
50 °C.  At each 10 degree step the oscillation frequency was swept 
from 1 to 100 Hz using strain as the controlled variable.
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UV-Vis spectroscopy:
The UV-Vis measurements were taken with a Perkin Elmer 
Lambda 40 spectrometer.  The scan range was 190 nm to 1100 nm 
and the background was taken using solvent as the blank with a 1 cm 
quartz cuvette.
Microhardness:
A Leica Vickers Microhardness Tester (VMHT) MOT with square 
Vickers indenter was used to find the Vickers Hardness Number (HV) 
for each sample. The values were taken from the average of five 
indents.  A load of 2 kg and a dwell time of 10 s were used. The 
samples were approximately 1 mm thick.
Raman Spectroscopy:
The Raman experiments were carried out using Confocal Raman 
Microscopy (Olympus, IX71) purchased from Horiba JovinYvon, 
equipped with an Argon and Krypton laser (Coherent, Innova 70C 
series) producing laser wavelengths at 514 nm and 647 nm 
respectively.  
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For all experiments an excitation laser with the wavelength at 647 nm 
was applied with 20 mW of power, 10 s of exposure time and 5 
accumulations. The spectrum grating was 600 grooves/mm and an 
objective of 20X was used.
1H-NMR:
A standard proton experiment was conducted using a Varian 
Unity Inova 400 spectrometer operating at 400 MHz in proton mode.
Powder X-ray Diffraction, PXRD:
The X-ray diffraction experiments were completed on a Bruker 
D8 Focus X-ray diffractometer.  The spectra were collected at 25 °C 
using a range of between 5 and 50° with 0.010° steps.
Results and Discussion
Differential Scanning Calorimetry (DSC)
The addition of FCNTs to the PMP showed a marked decrease in 
crystallinity with no change in the melt temperature (Tm).  Table 2.1 
shows a decrease in the crystallinity of the PMP by as much as 7.2% 
from the neat sample.  This indicates the FCNTs were well dispersed 
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and acting to prevent a regular structure.  This also indicates an 
increase of the free space in the polymer's structure.
Table 2.1 Crystallinity Change with Increasing Percentage of FCNTs
Sample % Crystallinity % Decrease Tm °C
Neat 57.5 N/A 235.5
0.50% 56.9 1.0 235.6
1% 55.9 2.8 235.4
2% 53.4 7.2 234.5
Storage Modulus, G'
When subjected to stress some materials deform viscously and 
elastically.  These materials are known as viscoelastic (Ferry, 1980).  
The storage modulus is G' and represents the materials ability to 
deform elastically (Ferry, 1980; Frank).  When a stress is applied to an 
elastic material it will deform but when the stress is released the 
material will return to its original shape.  Equation 2.1 shows the 
dimensions of G' for torsion from σ and γ the amplitudes of shear 
stress and shear strain, respectively.  The phase shift between the two 
is represented by δ (McCrum et al., 2003; Kaye, 1998).
G '=σγ+cosδ Equation 2.1
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Figure 2.2 shows the storage modulus, G', vs. temperature at 10Hz.  
These data show the addition of FCNTs caused a decrease in the 
pressure needed to deform the samples elastically.  This is in line with 
our DSC data showing a decrease in crystallinity and resulting in 
increased sample flexibility.  This represents a 5.4% decrease in G' at 
the inflection point between neat and 2% samples at 10 Hz.  There is 
also a lowering of the temperature of the inflection point onset from 
40.1 °C to 30 °C.  This corresponds to a lowering of the glass 
transition (Tg).
Loss Modulus, G”
When a viscoelastic material deforms viscously it is 
characterized by the loss modulus, G” (Ferry, 1980; Frank).  In a 
viscous deformation the energy applied to the material is dissipated as 
heat (Schramm, 2000; Meyers and Chawla, 1999). Equation 2.2 is the 
calculation of G” from σ and γ, the amplitudes of shear stress and 
shear strain, respectively.  The phase shift between the two is 
represented by δ (McCrum et al., 2003; Kaye et al., 1998).
G ' '=σγ+sinδ Equation 2.2
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G” for torsion is directly proportional to the impact strength, in J/mm, 
of a material (Minges, 1989).  Figure 2.3 clearly shows a 17% drop in 
the loss modulus and represents a corresponding loss in impact 
strength.  Also of note is the narrowing of the peak which is indicative 
of high plasticizer solubility (Read and Dean, 1978).  The peak of this 
plot also represents the glass transition (temperature at which main 
chain motion becomes possible).
Activation Energy
Three methods of calculating the activation energies were used 
to verify our results.  The Arrhenius equation was calculated manually 
(graph of the natural log of frequency vs. the reciprocal of temperature 
in Kelvin) and with TA Instruments Rheology Advantage® software 
V5.7.0.  Figure 2.4 shows an example of the linear Arrhenius behavior 
displayed by the neat sample.  The Arrhenius equation is shown in 
Equation 2.3.  Where ln(f) is the natural log of the frequency at 
maximum temperature, ln(fo) is the reference frequency, R is the ideal 
gas constant in cal / K*mol, Ea is the activation energy and T is the 
temperature in kelvin (Geede, 1995).
ln(f )=ln (f 0)−
Ea
RT
Equation 2.3
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Figure 2.2 G' vs. Temp. at 10Hz
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Figure 2.3 G” vs. Temp. at 10Hz
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Figure 2.4 ln(f) vs. 1/K Showing Linear Arrhenius Behavior
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The α relaxation displays Arrhenius behavior as the peak temperature 
maxima increases linearly with frequency as shown in the Arrhenius 
plot of ln(f) vs. the reciprocal of temperature, Figure 2.4 (McCrum et 
al., 1967).  The activation energy reported in Table 2.2 shows the 
energy needed to allow main chain motion has decreased 24% from 
the neat to the 2% sample.  This reduction is in line with the increase 
in free space mentioned above.  These values match those reported by 
Lee and Hiltz (Lee and Hiltz, 1984).
Table 2.2 Calculation of Activation Energy, Ea
Sample Ea, (kcal/mol) Ea, (kJ/mol)
Neat 25.1 104.9
0.50% 21.5 89.8
1% 20.6 86.4
2% 17.8 74.4
Glass Transition
The glass transition, Tg, was not apparent with DSC and so was 
measured by the G” peak at 10 Hz.  This Tg is reported in Table 2.3.  
The addition of FCNTs did lower the Tg by 8.3% on average.  Glass 
transition is related to microhardness through cohesive energy density, 
as shown in Equation 2.4.
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T g=
2δ2
mR
+C1 Equation 2.4
Here δ2  is cohesive energy density, m represents internal mobility of 
groups in a single polymer chain, R represents the gas constant and C1 
is a constant.  It is expected from Equation 2.4 that Tg and 
microhardness trend with each other, and they do as seen in Table 2.3 
(Baltá Calleja and Fakirov, 2000).
Table 2.3 Glass Transition from Peak G” and Vickers Hardness Number
Sample Tg °C H, MPa
Neat 36.0 11.1 ± 0.06
0.50% 33.5 10.8 ± 0.15
1% 33.0 9.6 ± 0.07
2% 32.5 8.9 ± 0.14
UV-Vis Spectroscopy
The transparency of the samples, Figure 2.5, was verified with 
UV/Vis spectroscopy, (Figure 2.6).  At above 300 nm the neat, 0.5% 
and 1% samples showed a greater than 50% transmittance.  The 
2%rises above 50% at a slightly higher wavelength and all four show 
transmittance of above 80% as they transition into the visible 
spectrum near 475 nm (Muisener et al., 2002; Harmon et al., 2001).
21
Figure 2.5 Relative Transparency of the Solvated Samples
22
Figure 2.6 UV-Vis Spectra of PMP/FCNT Composites
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Microhardness
A material's hardness (H) is the measure of its resistance to 
surface deformation and there is a linear relationship between H and Tg 
(Mohomed et al., 2005).  There was a drop in hardness of 20% 
between the neat and 2% FCNT sample.  This decreased resistance to 
surface deformation is evidence of increased free volume of the 
nanocomposite samples and supports the DSC and mechanical data 
collected herein.  Table 2.3 shows the correlation between hardness 
and Tg.
Raman Spectroscopy
Figure 2.7 shows the Raman spectra of carbon nanotubes before 
and after functionalization. Two characteristic peaks were observed in 
the Raman spectrum of raw carbon nanotubes (red trace) and FCNTs 
(blue trace).  The left peak, at 1310 cm-¹, is the D-band generally 
found in sp2 carbon materials and is usually defined as a disorder 
induced Raman scattering.  The right, at 1580 cm-¹, is the G-band of 
the tangential modes of carbon nanotubes (Liang et al., 2004; Paiva et 
al., 2004).  To monitor the structural change of the functionalized 
carbon nanotube, its Raman spectrum was collected and shown as the 
blue spectrum. After functionalization, the peak positions of both D 
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and G modes remained the same.  However, the peak intensity ratio 
ID/IG, relative intensity of D-band to that of the center of G-band, 
increased from 0.14 to 0.67 as the result of the functionalization. The 
increase of this ratio indicates higher structural disorder and smaller 
crystalline size in the functionalized carbon nanotubes compared with 
the pure carbon nanotubes (Liang et al., 2004; Paiva et al., 2004).  
Since a highly regular sp2 carbon lattice will have a very weak D-band, 
it can be used to measure increasing sp2 disorder (Collins, 2009).  The 
relatively high intensity, compared to the G-band peak, in Figure 2.7 
can be used to infer a high degree of functionalization by the dodecyl 
group as the sp2 character of the neat tubes is changed to sp3 after 
functionalization (Feng et al., 2004; Paiva, 2004).
1H-NMR
The 1-Iodododecane alpha carbon triplet is at 3.1467 ppm in 
Figure 2.8b.  This shows the relative deshielding of the alpha carbon, 
as compared to 2.8a, due to the more electronegative halide.  Once 
the dodecyl group is bonded to the nanotube the alpha triplet moved 
upfield to 2.9541 ppm.  This shows evidence of the successful 
functionalization (Sun et al, 2002; Hill et al., 2002).
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Figure 2.7 Raman Spectra of Carbon Nanotubes Before (red) and After
               (blue) Functionalization.
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Powder X-ray Diffraction, PXRD
The crystal structure of the PMP was probed with powder X-ray 
diffraction.  The composites were made by dissolving both the FCNTs 
and the polymer in carbon tetrachloride.  Once the solution was 
homogeneous the solvent was removed, allowing for recrystallization 
with FCNTs still dissolved in the polymer which should have led to a 
Form I structure.  It can be seen from Figure 2.9 that both the neat 
and composite samples retained the Form I crystal structure (Daniel et 
al., 2011).  Form I is the most stable form and is usually obtained 
through crystallization from boiling solvents.  Form I is also 
characterized as having the lowest density of the four forms at 0.822 
g/cm3 and a tetragonal unit cell (Daniel et al., 2011).
Figure 2.9 Powder X-ray Diffraction Spectra of PMP FCNT Composites
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Figure 2.8 1H-NMR Spectra Showing the Upfield Shift of the Alpha
                Protons After Bonding to CNT
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Conclusion
Clayton et al. reported that pristine carbon nanotubes dispersed 
via sonication act as a physical crosslinker (Clayton et al., 2005).  
However, our work demonstrates that functionalized carbon nanotubes  
act to plasticize.  While the prior results indicate pristine nanotubes 
physically interact with the polymer matrix to reduce chain mobility, 
our work demonstrates that FCNTs act to increase chain mobility.  This 
effect can be explained in two ways.  The functionalization with a 
12-carbon chain acts to increase the size of the carbon nanotubes 
which, in turn, increases the free space between the polymer chains.  
This is backed up by unpublished work by our group that showed 
functionalization with a three-carbon chain did not lead to easy 
debundling and soluble nanotubes.  The shorter side groups still 
allowed for some van der Waals interaction between the nanotubes.  
The second possible explanation is that sp3 disorder is disrupting any 
possible van der Waals interactions.  
The glass transition dropped about 17% from the neat sample to 
the 2% FCNT sample as illustrated by G” in Figure 3.  The peak 
narrowing of G” indicates that the nanotubes were very soluble in the 
polymer as plasticizers of limited solubility and will tend to 
agglomerate in the matrix (Read and Dean, 1978).
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The 5% drop in G' during a corresponding 17% drop in G” shows a 
clear shift in the viscoelastic properties of the polymer towards a more 
elastic and less viscous nature with increasing percentage of FCNTs.  
The overall lowering of the shear modulus is due to the 
plasticizing effect of the FCNTs as main chain motion becomes less 
hindered. This is due to increased free space, which causes the loss 
modulus to drop more than 3 times as much as the storage modulus.  
The increase of free space is also seen in the lowering of crystallinity 
as shown by the DSC.  A 7.2% decrease in the crystallinity of the 
polymer between the neat and 2% FCNTs sample is a clear indication 
the nanotubes act to break up the crystal lamella in favor of a more 
amorphous structure.  Future research may show that carbon 
nanotubes with a functional group between three and 12 carbons may 
both be soluble and act as a crosslinker.
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CHAPTER 3
Dielectric Analysis of Methylated Polycarbonate Polyurethane
Introduction
Lately there has been much concern raised by consumer groups, 
the government and manufacturers over the use of plasticizers and 
their potential bioactivity.  Medical grade polymers that lack the 
compounds of concern could prove to be very attractive for consumers 
and regulators.  Polyurethanes have been in use since the middle of 
the last century for applications as diverse as medical grade tubing, 
catheters, leaflets for prosthetic valves, arteriovenous grafts and 
pacemaker electrode insulation (Doyle, 1971; Sonnenschein et al., 
2005).  The first polyurethanes to be used by the medical industry 
were made mostly of poly(ester urethanes) (Hepburn, 1992; Culin, 
2005).  Unfortunately, these formulations were prone to rapid 
hydrolysis.  This characteristic made them unsuitable for applications 
that were long-term.  Newer formulations, from the last two decades 
and used in the biomedical industry, are made from poly(ether 
urethanes) (Liaw et al., 2005; Sonnenschein et al., 2005).  
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The ether linkages provide excellent stability in wet conditions but are 
subject to oxidative attack that can degrade the polymer chains 
causing scission and crosslinking (Hepburn, 1992; Frick and Rochman, 
2004; Liaw, 1999).  These limitations were the catalyst for this study 
of poly(carbonate urethanes) or PCUs.  The PCUs used here are not 
based on ether linkages that are vulnerable in wet conditions and so 
are of interest for biomedical materials (Wirpsza and Kemp, 1993; 
Liaw, 1999).  Studies have proven that carbonate based polyurethanes 
are more biostable and biocompatible than those that are ether based 
(Doyle, 1971; Wirpsza and Kemp, 1993; Sánchez-Adsuar, 1998).
Polyurethanes are classified as block copolymers.  The ability to 
tune the mechanical properties of this class of polymer is based on its 
internal arrangement which is made up of hard segments-diisocyanate 
and chain-extender, and a soft segment comprised of a diol.  Both 
segments contribute equally to the physical properties of the polymer 
with the hard segments providing physical crosslinking and 
augmenting hardness and tear resistance.  The soft segments 
influence the mechanical properties (Hsu and Lin, 2004; Ioan et al., 
2001).  The mixing of different combinations of hard and soft 
segments can give the chemist control over the final properties 
exhibited by the polymer (Howard, 2002; Tanzi, 2000; Puskas 2009). 
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Polycarbonate polyol has a solid crystalline structure under standard 
conditions (Bass et al., 2011).  However, the use of these polyols in 
PCU will produce elastomers with a crystalline soft segment that are 
tough but lack flexibility, not necessarily good for biocompatibility 
applications (Sonnenschein, 2005).  Much research has proven that 
modification of the polyol can affect crystallization (Eceiza et al., 2008; 
Kojio, 2010).  Here we compare two poly carbonate urethanes: PCU 
964 which is modified with an additional pendant methyl group on the 
soft segment; PCU 5652 which is unmodified.  It was hoped these 
choices would allow for fine tuning of the PCU's physical 
characteristics.  Previous work done by Mohomed et al. showed that 
proper tuning of a polyurethanes structure can increase 
biocompatibility to the point that in vivo implants will cause little to no 
scar tissue in rodent models (Mohomed et al., 2006).
Experimental
Materials
The polycarbonate polyurethane, PCU, with the pendant methyl 
group, was synthesized using Nippollan 964 obtained from Nippon 
Polyurethane Industry Co. Tokyo, Japan.  The PCU without the pendent 
methyl group was synthesized using T-5652 from Asahi Kasei 
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Chemicals Corp. Tokyo, Japan.  The hard segment used for both was 
Desmodur W purchased from Bayer Material Science Pittsburgh, PA.  
The chain extender used for both formulations was 1,4-butanediol 
purchased from Sigma-Aldrich.  The catalyst, Tin(II) 2-ethylhexanoate 
was purchased from Sigma-Aldrich.
Methods
Synthesis of the Polycarbonate Polyurethanes:
Both the PCU samples were produced using the two-shot method 
and only differed in the structure of the polycarbonate polyol soft 
segment.  In the first step, the prepolymer was synthesized.  The 
diisocyanate was charged into a 500 mL reaction vessel with available 
nitrogen flow and a hot plate with controlled temperature and mixing.  
After the NCO was added, then 0.01 wt.% of stannous octoate 
catalyst.  The mixture was heated to 100°C and allowed to react for 
two hours. The result was an isocyanate terminated prepolymer or 
soft segment.
In the second step a small amount of additional polycarbonate 
polyol was added to the reaction vessel while keeping the temperature 
60-80°C.  Then the low molecular weight chain extender 1,4-
butanediol was added in an amount that corresponds to the desired 
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percentage of hard segment.  The prepolymer from the first step was 
then added to the reaction vessel and allowed to thoroughly mix at a 
slight stoichiometric excess. The product was then cured at 107°C for 
two hours and then at 93°C for several days for post curing.  (Post 
curing is complete when FTIR reveals the peak associated with 
isocyanate groups at 2264 cm-1 is no longer present.)  All samples 
were then aged seven days before continuing.
Sample Preparation:
The DEA samples were prepared by pressing cut PCU pieces into 
an aluminum mold 2.5 x 2 cm.  The press was heated to 220 °C and 
compressed at 34 MPa. The Rheometry samples were pressed as 
above but into the shape of a 40 mm disk of 2 mm thickness.  All 
pressed samples were left in the hot press for at least 4 hours to allow 
internal stress to alleviate.  The consistency of the samples were 
checked by placing them in an oven overnight at 100 °C to make sure 
they retained the proper shape.  For the DSC, samples were removed 
from the overflow of the samples pressed above.
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Differential Scanning Calorimetry (DSC):
The calorimetry results were produced with a TA Instruments 
2920 DSC.  The glass transition temperature (Tg) was recorded using a 
heating rate of 10 °C/min in an open aluminum pan with a nitrogen 
purge of 60 mL/min.  The temperature range tested was between 
-150 and 300 °C.  The results were recorded from the second heating 
to ensure the same thermal history.
Dielectric Analysis (DEA):
For the dielectric analysis a TA Instruments DEA 2970 was used. 
The samples were tested between -130 and 200 °C. The single surface 
sensor was purchased from TA Instruments.  Measurements were 
taken at 5 °C increments using frequencies ranging from 0.3 Hz to 
100 kHz.  The measurements were taken under a nitrogen purge of 
600 mL/min. The loss factor and permittivity were recorded as a 
function of time, temperature and frequency.  The recorded 
parameters were dielectric constant, permittivity (ε') and dielectric loss 
factor (ε”).
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Rheometry:
The rheological data were collected on a TA Instruments AR-
2000.  The samples were tested at frequencies between 1 and 100 Hz 
using 40 mm parallel plate geometry.  The temperature range was -25 
to 125 °C.  The samples were pressed in a Carver press equipped with 
heating plates.  The data collected from the rheometer were used to 
verify a crystalline-like structure using time-temperature 
superposition.  
Results and Discussion
Differential Scanning Calorimetry (DSC)
DSC data were obtained for the 964 and 5652 polyurethane 
samples.  The glass transition temperature was slightly lower for the 
964 at -30.02 °C with the 5652 showing a Tg of -27.35 °C 
(Figure 3.1).  This indicates the added methyl group acted to slightly 
increase free space between the polymer molecules.  The DSC for the 
964 also shows a clear melt region at about 81 °C.  This is not 
necessarily an indication of crystalline structure but is due to the 
melting of the hard segment.  
At temperatures above the apparent melt, the hard segment will 
dissolve and completely mix with the soft segment producing an 
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amorphous structure (Li et al., 1992; Ryan et al., 1993; Brunette, 
1981).  However, no melt is seen in the data for 5652.  This indicated 
the additional free space, and therefore looser packing, created by the 
additional methyl group on 964, allows room for ordered hard segment 
arrangement.  This is significant because a crystalline-like, well 
ordered hard segment was the result where non existed before.  
Figure 3.1 Tg and Apparent Melt of PCU 964 and 5652
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Dielectric Analysis (DEA)
Dielectric analysis is an excellent technique for the probing of 
relaxation transitions.  ε* is the complex permittivity of a system and 
is defined in Equations 3.1, 3.2 and 3.3 (McCrum et al., 1967).  DEA 
analysis consists of applying a sinusoidal voltage and the resulting 
alternating electric field to a sample.  This resulting field causes the 
alignment of dipoles in the material.  The permanent dipoles of the 
polyurethane make it possible for the DEA to measure capacitance and 
conductance as a function of time, temperature and frequency (TA 
Instruments, TA-057).  The sample's capacitance is proportional to its 
ability to store electrical charge and is referred to as permittivity.  The 
sample's conductivity is also measured and is indicative of its ability to 
transfer a charge.  This is referred to as the loss factor.  
ε✳=ε '−i ε ' ' Equation 3.1
ε '=ε '(induced dipole)+ε '(allignmentof dipole) Equation 3.2
ε ' '=ε ' '(loss factor )+ε ' '( ionic conductance) Equation 3.3
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Here ε' is the real part of the complex relative permittivity or dielectric 
constant and represents induced and permanent dipole alignment.  ε” 
is dielectric loss or loss factor and represents the energy needed to 
align the dipoles in addition to ionic conduction.  The Debye equation, 
later modified by McCrum, was introduced to separate ionic conduction 
from the loss factor as shown in Equation 3.4 (TA Instruments, TA-
057; McCrum et al., 1967).
ε ' '=Δε+ ωτ
1+iω2 τ2
+ σωε0
Equation 3.4
Here, Δε is relaxation strength, ω is angular frequency (2πf), σ is ionic 
conductivity, ε0 is absolute permittivity of free space (8.854E-12 
F/cm), τ is relaxation time and ε” is loss factor.
Permittivity
A material's dielectric constant or permittivity is a relative 
measurement compared to the permittivity of free space.  Comparing 
the two samples it was clear that overall the permittivity decreased 
with the addition of the methyl group at all frequencies.  Figure 3.2 is 
representative and compares the relative permittivities.  This increase 
would improve the ability of the 964 PCU to electrically insulate.
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Figure 3.2. Relative Permittivities of PCU 964 and 5652 at 1 kHz
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The lowering of dipole alignment indicates the polymer chains had less 
freedom of movement and so were less able to respond to the 
alternating electric field.  The methyl group on 964 is acting as a 
physical crosslinker and allowing ordered hard segments to form.  The 
formation of these segments also made the 964 sample slightly stiffer 
and less flexible to the touch.  The ordered hard segment formation 
was verified independently by DSC and rheometry.  A stiffer PCU that 
retains its biocompatibility may be useful for applications such as bone 
repair (Zhang et al., 2003).
AC Conductivity
Equation 3.5 describes the loss factor when viscoelastic effects 
are small enough to be ignored.
σAC=ε ' ' ωε0 Equation 3.5
Where σAC is AC conductivity, ε0 is permittivity of free space (8.854E-
12 F/m), ω is frequency and ε” is dielectric loss factor.  Figures 3.3 and 
3.4 show the frequency dependence of AC conductivity (σAC) for PCU 
964 and 5652 respectively.  Above 100 °C, AC conductivity is 
completely independent of frequency.  This is the start of ionic 
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conductivity relaxations (McCrum et al., 1967; Starkweather et al., 
1992; Leon et al., 1999).  The σAC is the total of the dissipative effects 
of ionic movement (Kim et al., 2009).  As temperature increased σAC 
became independent of frequency at the conductivity relaxation region 
(Tatro et al., 2003; Kalgaonkar, 2008).
Figure 3.3 Frequency Dependence of AC Conductivity for PCU 964
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Figure 3.4 Frequency Dependence of AC Conductivity for PCU 5652
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DC Conductivity
DC conductivity (σDC) is found by extrapolating to zero frequency. 
This is carried out by using the lowest frequency (below 1 Hz) as the 
y-axis intercept (Tsangaris, 1999; Kalgaonkar and Jog, 2008).  σDC is 
Arrhenius in nature as shown in Equation 3.6.
lnσDC=lnσ0−
Ea
RT
Equation 3.6
Where Ea = Activation Energy, R = Ideal gas constant, σDC = DC 
conductivity and σ0 = the pre-exponential factor (conductivity at 
infinite temperature).  Ionic conductivity activation energies were 
obtained using plots of ln σDC versus inverse temperature, Figure 3.5. 
Table 3.1 Ionic activation energies for PCU 964 and 5652
Ea, σDC kcal/mol kJ/mol
PCU 964 14.44 60.45
PCU 5652 14.42 60.36
Table 3.1 shows that the extra methyl group of 964 was responsible 
for slightly elevating the DC conductivity.
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Figure 3.5 DC Conductivity of PCUs 964 and 5652
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Figure 3.6 Alpha and Beta Transitions of PCU 964
47
Figure 3.7 Alpha and Beta Transitions of PCU 5652
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Conductivity Relaxation
If one plots M” on the y-axis vs. M' on the x-axis, an Argand plot 
is the result.  This type of graph is useful to help understand the 
nature of the conductivity region.  If the data produce a semicircular 
plot it is an indication the conductivity is following the same pattern as 
a molecular fluid (molecules that are small and rigid) with one single 
relaxation (McCrum et al., 1967).  Since polymer chains tend to 
entangle one another they have a relaxation range and will therefore 
make an Argand plot that is not semicircular.  In this way the 
conductivity region can be distinguished from the transition regions.  
Figures 3.8 and 3.9 show the Argand plot for the conductivity region 
of both polymers.  The semicircular nature of figures 3.8 and 3.9 show 
the PCUs are in the conductivity region at 175 °C.  This behavior is an 
indication of the polymer's structure.
Rheometry
In amorphous polymers the alpha transition follows the non-
linear Williams-Landel-Ferry (WLF) equation while the other 
transitions follow linear Arrhenius behavior.  In semi-crystalline 
polymers all the transitions are Arrhenius.  Data collected on the 
rheometer clearly showed an increase in the order of the polymer's 
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structure.  The beta and conductivity transition activation energies 
were calculated from rheometry data using time temperature 
superposition and a modified form of the Arrhenius equation shown in 
Equation 3.7.
(log(aT )∗2.303)=(
−Ea
R
)∗( 1
To
− 1
T
) Equation 3.7
Here log(aT) is the shift factor, 2.303 is a conversion factor for ln(10), 
R is the universal gas constant (1.987 cal/mol•K), To is initial 
temperature, Tg is the glass transition and Ea is the activation energy.  
The modifications of Equation 3.7 were made to make its connection 
to Figures 3.10 and 3.11 more obvious.  In order to find the activation 
energy of the alpha transition one must first find the constants C1 and
 C2.  This was accomplished using time temperature superposition and 
the WLF equation, Equation 3.8. 
log(aT )=
−C1(T−T g)
C2+(T−T g)
Equation 3.8
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Here, log(aT) is the shift factor, C1 and C2 are constants, T is initial 
temperature and Tg is the glass transition.  Once the constants are 
found they can be used to find the activation energy using Equation 
3.9.  Where C1 and C2 are constants, R is the universal gas constant 
(1.987 cal/mol•K), Tg is the glass transition, 2.303 is a conversion 
factor and Ea is the activation energy.
ΔEa=(−2.303)(
C1
C2
)RT 2 Equation 3.9
Table 3.2 Activation Energies
Polymer α transition β transition DC conductivity 
964 107.7 kJ/mol 51.9 kJ/mol 60.5 kJ/mol
5652 176.1 kJ/mol 45.7 kJ/mol 60.4 kJ/mol
The activation energy, Table 3.2, of the alpha transition is lower in 
PCU 964 than in 5652.  This matches the DSC data that shows a lower 
temperature Tg for the 964 in Figure 3.1.  However, the beta transition 
is slightly higher in 964.  The beta transition represents side group 
rotation and as expected to took more energy due to the close 
packing of the ordered hard segments that are not present in 5652.  
The difference in structure is clearly illustrated in Figures 3.10 and 
51
3.11.  The amorphous 5652 exhibited WLF behavior while the 
crystalline-like, ordered hard segment of 964 followed Arrhenius 
behavior.  The 5652 sample had larger C1 and C2 values as calculated 
using time-temperature superposition software.  As shown in Equation 
3.9, C1 rises proportionally with activation energy while C2 is inversely 
proportional.  5652 has a significantly higher alpha transition 
activation energy than 964, Table 3.3.  Even though both C1 and C2 
are larger the activation energy increases.  This can be explained 
through the ratio of the increase and is shown in Table 3.3.  
Table 3.3 Change in C1 and C2 compared with Ea
Polymer 964 5652 % Change
C1 1.723 26.32 + 1427.5
C2 12.39 115.6 + 833.0
Ea of Tg 107.7 kJ/mol 176.1 kJ/mol + 63.5
While an increasing C2 would lower the activation energy, the fact that 
C1 increased almost twice as much would mean the Ea should actually 
increase significantly, and it does.  A comparison of G' in Figure 3.12 
shows the more crystalline-like 964 has a storage modulus that is 
almost an order of magnitude higher than 5652.  This is evidence that 
the ordered hard segments were contributing to the stiffness of the 
polymer.
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Figure 3.8 Argand Plot of PCU 964 in the Conductivity Region
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Figure 3.9 Argand Plot of PCU 5652 in the Conductivity Region
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Figure 3.10 WLF fit at Tg for PCU 964
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Figure 3.11 WLF fit at Tg for PCU 5652
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Figure 3.12 Comparison of G' for PCU 964 and 5652
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Conclusion
The addition of the pendant methyl group to the soft segment of 
the 964 polyurethane acted to change the polymer's physical 
properties.  The 964 was stiffer to the touch than 5652.  The additional 
methyl group increased the crystalline-like character of the polymer by 
allowing space for well ordered hard segments to form.  Since 
crystalline polymers demonstrate Arrhenius behavior at Tg, the linearity 
seen in Figures 3.10 as compared to Figure 3.11 is clear evidence of 
the crystalline-like nature of the well ordered hard segments.  This is 
backed up by the DSC data in Figure 3.1 showing an apparent melt in 
964 with none in 5652.  With PCUs being so useful for biocompatible 
application, fine tuning a polymer that is known to have desirable 
traits may prove useful in the medical field for in vivo medical devices.
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CHAPTER 4
Cu(II) Mono Hydroxy Paddle Wheels in HEMA/GMA Composites
Introduction
Contact lenses have changed dramatically since they were first 
introduced, in large part due to the application of research in 
polymers and their influence on lens strength and flexibility.  The 
extended wear comfort of modern contacts is due to the ability of the 
polymer, known as a hydrogel, to absorb water.  A hydrogel is a 
polymer that is hydrophilic in nature and has the ability to absorb a 
large amount of water by weight (Mohomed et al., 2005).  The ability 
to formulate hydrogels that absorb more water could lead to more 
comfortable and longer wearing contacts (Mohomed et al., 2005).  Of 
course, biocompatibility is the number one concern and is directly 
related to longer wear in that more hydration is key to both.  A second 
area of concern is optical transparency to visible light (LaPorte, 1997). 
Our research tested [Cu2({μ2-CO2}R)4(axial)2] 4-hydroxybenzoic acid 
(MHBC) filler to address both of these concerns.
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The first polymer based contact lenses were made from 
poly(methyl methacrylate) (PMMA) and were know as “hard contacts” 
because they were ridged and inflexible (Drury and Mooney, 2003).  
This made them uncomfortable to wear for long periods of time but 
the more significant drawback was that they were not gas permeable.  
All parts of the human eye, including the cornea, need large amounts 
of oxygen (Schmidt et al., 2003).  However, oxygen cannot penetrate 
PMMA lenses to nourish the cornea.  The solution to all of these 
problems was switching to hydrogels.
Hydrogels are a class of polymer that is hydrophilic and can 
absorb large amounts of water, up to 99% by weight (Hoffman, 
2002).  This ability makes hydrogels biocompatible and allows oxygen 
to diffuse through the lens to the eye (Drury and Mooney, 2003).  
Hydrogels are also soft and flexible, which also makes them more 
comfortable to wear for extended periods of time (Holden and Mertz, 
1984).  The contact lens industry commonly uses copolymer hydrogels 
in contact lens formulations and research into new gel formulations is 
ongoing.  
In this work, we explore contact lens analogs with no optical 
prescription.  They are made from copolymer hydrogels formulated 
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with poly(2-hydroxyethyl methacrylate) (PHEMA) and poly(glycidyl 
methacrylate) (PGMA) with a novel filler.  The filler was 
[Cu2({μ2-CO2}R)4(axial)2] 4-hydroxybenzoic acid, (MHBC) as shown in 
Figure 4.1.  Functional groups with the ability to hydrogen bond give 
this molecule the potential to increase the amount of water the 
hydrogels can absorb.  Work done by Mohomed et al showed that 
similar fillers could increase water content but had the drawback of 
absorbing light in the visible spectrum, making its use in commercial 
contact lenses impossible (Mohomed et al., 2005).  The MHBC “paddle 
wheels” chosen for this work do not absorb in the visible spectrum 
making them a possible option for commercial use.  
Figure 4.1 Space Filled Model of Cu2({μ2-CO2}R)4(axial)2] and Ligand
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Experimental
Materials
The 2-hydroxyethylmethacrylate and glycidyl methacrylate 
monomers were donated by Benz Research & Development (Sarasota, 
FL).  The Benacure 1173 UV photo initiator was purchased from the 
Mayzo Corporation (Norcross, GA). The Cu(II) mono hydroxyl paddle 
wheels were supplied by the research group of Dr. Michael J. 
Zaworotko, (USF, Tampa).  The inhibitor remover was purchased from 
Sigma Aldrich (Milwaukee, WI).
Methods
Sample Formulation:
20 mL of neat HEMA and 20 mL of neat GMA monomer were 
flushed through a column to remove the monomethyl ether 
hydroquinone (MEHQ) photo inhibitor.  The pure monomers were used 
to prepare each of the neat and filled samples.  A total of 8 samples 
were created with 5 mL of monomer in each.  The pure components 
were mixed in labeled glass vials to create the samples illustrated in 
Table 4.1.
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Table 4.1 Samples Created for this Experiment 
Sample # Sample Name
1 Neat PGMA
2 Neat HEMA
3 Filled 50%PHEMA-50%PGMA
4 Neat 50%PHEMA-50%PGMA
5 Filled 60%PGMA-40%PHEMA
6 Neat 60%PGMA-40%PHEMA
7 Filled 60%PHEMA-40%PGMA
8 Neat 60%PHEMA-40%PGMA
All ratios were by weight and were created by adding the 
corresponding volume percentages of the monomers to glass vials.  
The filled samples were prepared by adding an additional 0.05% by 
weight of the novel Cu(II) mono hydroxyl paddle wheels.  To ensure 
reliable polymerization, 0.05% by weight of Benacure 1173 was added 
to each sample vial. The 8 vials were sonicated until the solutions were 
fully mixed and the filler and initiator were dissolved completely.
Polymerization:
Benacure 1173 is a photo initiator that absorbs light primarily 
between 250-360 nm.  Therefore, the samples were polymerized via 
exposure to short wavelength ultraviolet light for two hours.  After UV 
polymerization, the vials were broken to release the samples.  The 
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polymers were ground into powder with a bench top grinder.  The 
samples were then stored in individually labeled sample bags for later 
compression molding.
Penetration:
A heated Carver Press was used to compression mold the 
samples. The press was heated to 135 ºC and the polymer-containing 
molds, roughly the size of a standard contact lens, 14 mm diameter by 
1 mm thick were compressed for 5 minutes.  Tap water was then 
circulated through the press to cool the system to room temperature 
while being held under pressure.  Each sample was then allowed to 
hydrate for 24 hours in distilled water. The resultant hydrogels were 
then removed from the water, gently dried with a KimwipeTM and 
immediately penetration tested to avoid any drying of the samples.
All penetration testing was carried out on a TA Instruments AR 
2000 rheometer in the squeeze/pull off test mode.  The programed 
gap speed was 200 μm/s.  A fixture purpose built for this experiment 
was used to hold the samples during testing, Figure 4.3.  The probe 
was a steel pin 1 mm in diameter and flat on both ends.  The pin was 
attached to the rheometer's rectangular solid sample upper geometry.  
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The purpose built fixture was held in place on the 25 mm diameter 
lower geometry.
Swell Test:
A heated Carver Press was used to compression mold the 
samples. The press was heated to 135 ºC and the polymer containing 
molds each roughly the size of a standard contact lens, 14 mm 
diameter by 1 mm thick, were compressed for 5 minutes.  Tap water 
was then circulated through the press to cool the system to room 
temperature while still under pressure.  The samples were weighed 
dry then placed separately into marked vials with deionized water for 
the experiment.
Microhardness:
A heated Carver Press was used to compression mold the 
samples. The press was heated to 135 ºC and the polymer containing 
molds each roughly the size of a standard contact lens, 14 mm 
diameter by 1 mm thick were compressed for 5 minutes.  Tap water 
was then circulated through the press to cool the system to room 
temperature while still under pressure.  
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The samples were removed from the molds and kept under vacuum 
with phosphorus pentoxide until needed.
The microhardness testing was done with a Leica Vickers 
Microhardness Tester (VMHT) MOT with an indenter of the square 
Vickers style.  The Vickers hardness number (HV) of all 8 samples was 
recorded.  The reported value was an average of 5 indentations plus 
the standard deviation.  The programmed load was 500 g with a dwell 
time of 10 seconds. 
Differential Scanning Calorimetry (DSC):
The TA Instruments DSC 2920 was used to explore differences in 
the glass transition, Tg. All samples tested were between 11-14 mg and 
were placed in an open pan.  A heat-cool-heat cycle was used to first 
ramp the sample to 200°C and then allow it to cool before data 
collection began to ensure the samples had the same thermal history 
and accurate Tg data would be collected.  The testing procedure had a 
temperature ramp of 10 °C/minute from room temperature to 150 °C 
utilizing an inert nitrogen purge gas.
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UV-Vis spectroscopy:
MHBC filler was dissolved in three monomers: GMA, HEMA and a 
mixture of equal parts HEMA/GMA.  The amount of filler used was 
0.1% w/w for the UV-Vis experiment only.  The data was recorded 
using a Perkin Elmer Lambda 45 UV-Vis Spectrometer.  
Results and Discussion
Differential Scanning Calorimetry (DSC)
The samples containing Cu(II) mono hydroxyl paddle wheels had 
a lower glass transition temperature than did the corresponding neat 
samples.  A higher content of PGEMA also resulted in a lower glass 
transition, the temperature at which the polymer undergoes main 
chain motion.  Figure 4.2 shows the 50/50 filled sample passing 
through Tg almost 5 °C sooner than the 50/50 neat.  In contrast, the 
neat PGMA had a Tg almost a full 20 °C before the neat PHEMA sample. 
Again, in Figure 4.3 the formulations with filler show a marked 
reduction in the glass transition (Stevens, 1990; Gedde, 1995).  
Because fillers generally act to lower the Tg, these results show these 
paddle wheels are no exception (Droste and Dibenedetto, 1969).  The 
filler is clearly acting as a plasticizer increasing the free space between 
polymer chains.  This same reasoning explains the tendency of PGMA 
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containing samples to also have a lower glass transition.  The slightly 
longer functional group and cyclic tail of PGMA acted to increase the 
free space between polymer chains.  These characteristics taken 
together led to greater absorption of water.
Microhardness
A polymer's resistance to surface deformation is reported as 
hardness (Stevens, 1990; Chandler, 1999; Baltá Calleja and Fakirov, 
2000).  In all samples the hardness value (HV) was tracked with the 
glass transition temperature.  This correlation was not unexpected 
since HV and Tg are related through cohesive energy density (δ2) and 
as shown in Equation 4.1 (Baltá Calleja and Fakirov, 2000 ).  
T g=
2δ2
mR
+C1 Equation 4.1
Here Tg is the glass transition, δ2 is the cohesive energy density, R is 
the universal gas constant (1.987 cal/mol•K), C1 is a constant and m 
is a quantity that describes relative mobility of a single polymer chain. 
The observation that the filler depressed Tg also informs the 
corresponding decrease in hardness.  The neat samples, having less 
free space, have a higher hardness number.  Less free space can lead 
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to an increase in physical crosslinking and entanglement of polymer 
chains (Said-Galiyev and Nikitin, 1993; Tretinnikov et. al., 1999).  
This relationship is illustrated in Table 4.2.  Also, samples containing 
more PHEMA were harder than samples with more PGMA; the larger 
side chain of PGMA acted to increase free space.
Table 4.2 Comparison of Tg to HV
Sample Tg (°C) HV (MPa)
Neat PGMA 85.21 17.5 ± 0.4
Neat HEMA 105.27 21.4 ± 0.6
Filled 50%PHEMA-50%PGMA 95.76 18.5 ± 0.6
Neat 50%PHEMA-50%PGMA 100.50 20.0 ± 0.3
Filled 60%PGMA-40%PHEMA 98.86 19.5 ± 0.6
Neat 60%PGMA-40%PHEMA 101.99 20.8 ± 0.3
Filled 60%PHEMA-40%PGMA 100.66 20.6 ± 0.4
Neat 60%PHEMA-40%PGMA 105.49 22.9 ± 0.2
Penetration
The amount of water a contact lens can absorb is important for 
the wearer’s comfort, but mechanical strength cannot be ignored if 
one hopes to create a lens with a long, useful life (Koffas, 2003).  The 
more water a hydrogel absorbs, the more mechanical performance 
tends to degrade (Yoshimi et al.,2005).  To quantify the strength of 
the hydrogel samples tested here, a purpose-built fixture was used 
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with the AR-2000 rheometer to penetration test fully hydrated 
samples.  The fixture utilized a 1 mm diameter flat-tipped steel probe 
similar to the type available from instrument manufacturers for the 
same purpose.  To hold the hydrogels in place, a clamp consisting of a 
round plastic container with a snap-on lid was filled with epoxy and 
cured.  The center of the lid had a hole drilled through it and into the 
epoxy to allow the probe to travel freely through the sample.  To hold 
the hydrogel in place the lid was snapped closed over the sample.  
Once the sample was secure under the lid, the whole fixture was 
placed on the 25 mm parallel plate geometry of the AR-2000 
containing a normal force sensor in the base as shown in Figure 4.4.
 The eight samples plus a commercially available contact lens 
(Johnson & Johnson ACUVUE® 2) were tested to measure relative 
resistance to penetration as shown in Figure 4.5.  The results in Table 
4.2 showed a clear trend between water gain and resistance to 
penetration.  With the exception of the 60% PGMA - 40% PHEMA 
composites, the samples all show less force was needed for 
penetration as water uptake increased.  The amount of force needed 
for penetration of the  60%PGMA-40%PHEMA sample, though not 
statistically an outlier using Grubb's test, was clearly much lower than 
the mean (Baksalary and Puntanen, 1990).  The reason for this 
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appeared to be the sample's physical integrity after the swell test.  
Several small pieces detached from the sample during the removal of 
excess surface water in preparation for penetration testing.  We 
believe this was the result of an anomaly in sample preparation and 
not a characteristic of the 60% PGMA – 40% PHEMA formulation.
Figure 4.4 Schematic of Penetration Fixture Used to Test Hydrogels
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Figure 4.2 Comparison of 50%-50% and Homogeneous Samples
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Figure 4.3 Comparison of Neat and Filled 60%-40% Samples
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Table 4.3 Maximum Force Needed to Penetrate Samples
Sample Force (N) % H2O Gain
Neat PGMA 0.18 71.3
Neat HEMA 0.42 40.6
Filled 50%PHEMA-
50%PGMA 0.21 67.9
Neat 50%PHEMA-
50%PGMA 0.29 66.2
Filled 60%PGMA-
40%PHEMA 0.25 72.0
Neat 60%PGMA-
40%PHEMA 0.07 54.6
Filled 60%PHEMA-
40%PGMA 0.23 64.9
Neat 60%PHEMA-
40%PGMA 0.38 62.7
Contact Lens 0.16 N/A
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Figure 4.5 Comparison of Penetration Force
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Swell Test
Exactly how much water a contact lens hydrogel can absorb is 
directly related to user comfort by increasing the length of time it can 
be worn and efficiency of oxygen transfer to the cornea (Drury and 
Mooney, 2003).  Absorption was tested in a Swell Test in which 
samples were each dried under vacuum for one week before the swell 
was measured.  An initial dry measurement of the sample's mass was 
taken before being transferred to individually marked vials containing 
D.I. water.  Before each measurement the samples were removed from 
the vial and the surface was gently dried with a KimwipeTM.  The 
samples were then immediately weighed on a laboratory balance then 
placed back in the vial.  Readings were taken every 30 minutes for 3 
hours with the last reading taken at 24 hours.  After 3 hours the 
samples appeared not be gaining significant amounts of mass as 
shown in Figure 4.6.  This was taken as an indication that maximum 
water gain had occurred.  The comparison in Table 4.3 shows that, 
overall, the samples containing a higher percentage of the more polar 
PGMA gained more water.  The extra water gain is attributed to the 
extra hydroxyl group present in PGMA (Gates, 2001).  PGMA also has a 
polymer matrix that is more open than PHEMA which allows for 
diffusion (Benz and Ors, 2000; Benz and Ors, 2000).  It has been 
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previously reported that hydrophilic polymers can be delicate and hard 
to process (Jarvie et al.,1998; Seo, 2004).  This was also the case here 
and caution was needed to keep them from being torn.
Table 4.4 also illustrates that in a comparison between MHBC 
filled and unfilled samples, the filled samples gain more water.  The 
reason for this may be two-fold.  First, the MHBC increased the overall 
polarity of the hydrogel.  Second, the increase in free space caused by 
the dispersion of the filler through the polymer matrix created more 
space into which more water molecules could fit (Benz and Ors, 2000; 
Benz and Ors, 2000).
Figure 4.6 Sample Mass Gain After 24-hr. Soak in DI Water
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Table 4.4 Comparison of Water Uptake by Mass
Sample Mass Gain (mg) % H2O Gain
Neat PGMA 134.1 71.3
Neat PHEMA 37.9 40.6
Filled 50%PHEMA-
50%PGMA 121.0 67.9
Neat 50%PHEMA-
50%PGMA 114.2 66.2
Filled 60%PGMA-
40%PHEMA 153.5 72.0
Neat 60%PGMA-
40%PHEMA 73.1 54.6
Filled 60%PHEMA-
40%PGMA 106.8 64.9
Neat 60%PHEMA-
40%PGMA 98.4 62.7
UV-Vis Spectroscopy
The MHBC paddle wheels dissolved easily in the HEMA and GMA 
monomers and once dissolved no color was apparent to the human 
eye.  The samples did not absorb light above the 400 nm wavelength 
as shown in Figure 4.6 (Fryman et al. 2012).  Mohomed et al. found 
that larger copper based fillers absorbed in the visible region, 
disqualifying them from use in contact lenses (Mohomed et al., 2005). 
The difference in size and the more hydrophilic nature of MHBS filler 
allowed it to dissolve completely, suggesting potential for contact lens 
use.
78
Figure 4.7 Relative Absorbance of Filled Hydrogels
Conclusion
The addition of MHBC to PHEMA and PGMA hydrogels increases 
the amount of water both polymers can absorb over the 
corresponding unfilled samples.  The filled sample of 
60% PGMA – 40% PHEMA increased in mass a full 72%.  This was a 
large gain considering the weight percent of filler was only 0.05%, 
indicating potential use for increasing water content of hydrogels.  
This amount of filler was also small enough to keep the samples 
optically transparent in the visible range.
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A polymer matrix that contains a higher number of hydrophilic 
functional groups should, in theory, absorb more water.  This was 
shown to be true with neat PGMA and the copolymers containing a 
higher percentage of PGMA.  These absorbed more water than the 
samples containing mostly PHEMA.  However, the mechanical 
properties of fully hydrated PGMA are not suited to industrial 
processes (Mohomed et al., 2005).  The addition of a copper based 
metal-organic framework may help solve this problem.  The neat 
PHEMA needed 54% more force in order to be penetrated and 
absorbed about 30% less water than the neat PGMA.  The extra water 
uptake of the neat PGMA clearly came at the cost of mechanical 
strength.  However, the composite samples gained about about the 
same percentage of extra water as they lost in penetration force.  This 
shows that a polymer hydrogel composite with a hydrophilic filler can 
increase water gain without a corresponding large drop off in 
mechanical strength.  This combination of characteristics could be 
used to improve currently used contact lenses.  Further research 
based on this work should include a wide array of PHEMA/PGMA 
formulations to find the optimum percentage and perhaps even more 
polar fillers.
80
CHAPTER 5
List of References
Ambrus, J.H.; Moynihan, C.T.; Macedo, P.B.  Conductivity relaxation in 
a concentrated aqueous electrolyte solution, J Phys Chem 1972, 
76, 22, 3287-95.
Baksalary, J.K.; Puntanen, S.  A complete solution to the problem of 
robustness of Grubbs's test, Canadian Journal of Statistics, 
1990, 18, 3, 285-287.
Baltá Calleja, F.J.; Fakirov, S.  Microhardness of Polymers; Cambridge 
University Press: New York, 2000.
Bass, R. PhD Dissertation, University of South Florida, 2011.
Benz, P.H.; Ors, J.A.  Contact lens having improved dimensional 
stability.  U.S. Patent. US6011081, 2000.
81
Benz, P.H.; Ors, J.A.  Contact lens of high water content and high 
water balance.  U.S. Patent. US6096799, 2000.
Birch, J.R.; Dromey, J.D.  The optical constants of some common low-
loss polymers between 4 and 40 cm−1. Infrared Physics 1981, 
21, 4, 225-228.
Bose, S.M.; Gayen, S.; Behera, S.N.; Theory of the tangential G-band 
feature in the Raman spectra of metallic carbon nanotubes, 
Department of Physics, Drexel University, Philadelphia, PA 
19104, USA and Physics Enclave, HIG 23/1, Housing Board 
Phase - I, Chandrasekharpur, Bhubaneswar 751016, Orissa, 
India.
Brunette, C.M.; Hsu, S.L.; Rossman, M.; MacKnight, W.J.; Schneider, 
N.S.  Thermal and mechanical properties of linear segmented 
polyurethanes with butadiene soft segments, Polymer 
Engineering & Science 1981, 21, 668.
82
Casetta, C.; Girelli, D.; Greco, A.  Polycarbonate diols: A new way to 
synthesize high performance polyurethanes. Pitture e Vernici 
Europe 1994, 70, 9-16.
Chandler, H.  Hardness Testing, 2nd ed.; Materials Park (Ohio); ASM 
International 1999.
Chen, T.K.; Shieh, T.S.; Chui, J.Y.  Studies on the First DSC Endotherm 
of Polyurethane Hard Segment Based on 4,4‘-Diphenylmethane 
Diisocyanate and 1,4-Butanediol, Macromolecules 1998, 31, 
1312.
Christenson, E.M.; Dadsetan, M.; Wiggins, M.; Anderson, J.M.; Hiltner, 
A.  Poly(carbonate urethane) and poly(ether urethane) 
biodegradation: In vivo studies, Journal of Biomedical Materials 
Research Part A 2004, 69A, 407.
83
Clayton, L.M.; Gerasimov, T. G; Cinke, M.; Meyyappan, M.; Harmon, 
J.P.  Gamma Radiation Effects on the Glass Transition 
Temperature and Mechanical Properties of PMMA/soot 
nanocomposites, Polymer Bulletin 2004, 52, 3-4, 259-266.
Clayton,.L.M.; Sikder, A.; Kumar, A.; Gerasimov, T.G.; Cinke, M.; 
Meyyappan, M.; Harmon, J.P.  Transparent Poly(methyl 
methacrylate)/Single-Walled Carbon Nanotube (PMMA/SWNT) 
Composite Films with Increased Dielectric Constants Adv Funct 
Mater 2005, 15, 1, 101-106.
Collins, P.G.  Defects and Disorder in Carbon Nanotubes, Oxford 
Handbook of Nanoscience and Technology: Frontiers and 
Advances; Oxford Univ. Press: Oxford, 2009.
Culin, J.; Smit, I.; Andreis, V M.; Anzlovar, A.; Zigon, M.  Motional 
heterogeneity of segmented polyurethane-polymethacrylate 
mixtures: an influence of functional groups concentration, 
Polymer 2002; 43, 14, 3891-3899.
84
Daniel, C.; Vitillo, J.G.; Fasano, G.; Guerra, G.  Aerogels and 
Polymorphism of Isotactic Poly(4-methyl-pentene-1), ACS Appl. 
Mater. Interfaces 2011, 3, 969–977.
Doyle, E.N.  The Development and Use of Polyurethane Products; 
McGraw-Hill Book Company: New York, 1971.
Droste, D.H.; Dibenedetto, A.T.  The glass transition temperature of 
filled polymers and its effect on their physical properties, Journal 
of Applied Polymer Science 1969, 13, 10, 2149–2168.
Drury, J.; Mooney, D.  Hydrogels for tissue engineering: scaffold design 
variables and applications, Bio 2003, 24, 24, 4337– 4351.
Eceiza, A.; Martin, M.D.; de la Caba, K.; Kortaberria, G.; Gabilondo, 
N.; Corcuera, M.A.; Mondragon, I.  Thermoplastic polyurethane 
elastomers based on polycarbonate diols with different soft 
segment molecular weight and chemical structure: Mechanical 
and thermal properties, Polymer Engineering and Science 2008, 
48, 297.
85
Feng, L.; Anil, K.;Sadana, Asghar Peera; Chattopadhyay, J.; Zhenning, 
G.; Hauge, R.H.; Billups, W.E. A Convenient Route to 
Functionalized Carbon Nanotubes. Nano Lett. 2004, 4, 7.
Ferry, J.D.; Viscoelastic Properties of Polymers, 3rd ed.; Wiley: New 
York, 1980.
Foreman, J.; Sauerbrunn, S.R.; Marcozzi, C.L.; Exploring the 
Sensitivity of Thermal Analysis Techniques to the Glass 
Transition. TA Instruments Polymer Compendium 2009, 65-79.
Franck, A.  Application of Rheology of Polymers.  TA Instruments 
Technical Notes, AN009.
Frank, A.J.  Understanding the Rheology or Thermoplastic Polymers.  
TA Instruments Application Notes, AAN013.
Frick, A.; Rochman, A.  Characterization of TPU-elastomers by thermal 
analysis (DSC), Polymer Testing 2004, 23, 413.
86
Fryman, C.; Knudsen, B; Harmon, J.P. Solubility of Cu(II) 
Paddlewheels in Methacrylate Composites; 10th Raymond N. 
Castle Conference; Tampa, FL, 2012.
Gates, G. PhD Dissertation, University of South Florida, 2001.
Gedde U.W.  Polymer Physics; Chapman & Hall: New York, 1995.
Gilbert, F.L.; Thomas, H.  Dielectric and Dynamic Mechanical 
Measurements of Poly(4-methyl Pentene-1).  Journal of Applied 
Polymer Science 1984, 29, 3057-3064.
Gomez Ribelles, J.L.; Diaz Calleja, R.  Study of structural relaxation by 
dynamic-mechanical methods in poly(methyl methacrylate).  
Polymer 1989, 30, 8, 1433-1438.
Hepburn, C.;  Polyurethane Elastomers; Elsevier: London: Applied 
Science, 1992.
87
Higgenbothani-Beiitolucci, P.R.; Gao, H.; Harmon, J.P.  Creep and 
Stress Relaxation in Methacrylate Polymers:Two Mechanisms of 
Relaxation Behavior Across the Glass Transition Region, Polymer 
Engineering and Science 2001, 41, 5, 873-880
Hill, D. E.;, Y.L.; Rao, A.M.; Allard, L.F.; Sun, Y-P.  Functionalization 
of Carbon Nanotubes with Polystyrene, Macromolecules 2002, 
35, 9466-9471.
Hoffman, A.S.  Hydrogels for biomedical applications, Advanced Drug 
Delivery Reviews 2002, 43, 3–12.
Holden, B.A.; Mertz ,G.W.  Critical oxygen levels to avoid corneal 
edema for daily and extended wear contact lenses, Invest. 
Ophthalmol. Vis. Sci. 1984, 25, 10, 1161-1167.
Howard, G.T.  Biodegradation of polyurethane: a review, International 
Biodeterioration & Biodegradation 2002, 49, 245.
88
Hsu, S-H.; Lin, Z-C.  Biocompatibility and biostability of a series of 
poly(carbonate) urethanes, Colloids and Surfaces B: 
Biointerfaces 2004, 36, 1.
Ioan, S.; Grigorescu, G.; Stanciu, A.  Dynamic-mechanical and 
differential scanning calorimetry measurements on crosslinked 
poly(ester-siloxane)-urethanes, Polymer 2001, 42, 3633.
Jarvie, A.W.P.; Lloyd, M.C.; St. Pourcain, C.B.  Novel hydrophilic cyclic 
monomers in hydrogel synthesis, Biomaterials 1998, 19, 21, 
1957-1961.
Kalgaonkar, R.A.; Jog, J.P.  Molecular dynamics of copolyester/clay 
nanocomposites as investigated by viscoelastic and dielectric 
analysis, J Polym Sci Part B Polym Phys 2008, 46, 2539-55.
Kaye, A.; R. Stepto, F.T.; Work, W.J.; Aleman, J.V.; Malkin, A.Y.  
Definition of Terms Relating to the non-Ultimate Mechanical 
Properties of Polymers Macromolecular Division Commission on 
Macromolecular Nomenclature; IUPAC Recommendations, 1998.
89
Khan, I.; Smith, N.; Jones, E.; Finch, D.S.; Cameron R.E.  Analysis 
and evaluation of a biomedical polycarbonate urethane tested in 
an in vitro study and an ovine arthroplasty model. Part I: 
materials selection and evaluation, Biomaterials 2005, 26, 621.
Kim, M.S.; Sekhar, P.K.; Bhansali, S.; Harmon, J.P.  Dielectric 
Properties of Novel Polyurethane/Silica Nanowire Composites, J 
Nanosci Nanotechnol 2009, 9, 1-9.
Klabunde, K.J. Nanoscale Materials in Chemistry; Wiley-Interscience: 
New York, 2001.
Koffas, T.S.; Opdahl, A.; Marmo C.; Somorjai G.A.  Effect of 
Equilibrium Bulk Water Content on the Humidity-Dependent 
Surface Mechanical Properties of Hydrophilic Contact Lenses 
Studied by Atomic Force Microscopy, Langmuir 2003, 19, 8, 
3453–3460.
90
Kojio, K.; Furukawa, M.; Nonaka, Y.; Nakamura, S.  Control of 
Mechanical Properties of Thermoplastic Polyurethane Elastomers 
by Restriction of Crystallization of Soft Segment, Materials 2010, 
3, 5097-5110.
Koshio, A.; Yudasaka, M.; Zhang, M., S.; Iijima, A.  A simple way to 
chemically react single-walled carbon nanotubes using 
unltrasonication, Nano Letters 2001, 1, 361.
LaPorte, R.J.  Hydrophilic polymer coatings for medical devices, 
Pennsylvania: Technomic. 1997.
Leon, C.; Ngai, K.L.; Roland, C.M.  Relationship between the primary 
and secondary dielectric relaxation processes in propylene glycol 
and its oligomers,  J Chem Phys 1999, 110, 23, 11585-91.
Li, Y.; Gao, T.; Chu, B.  Synchrotron SAXS studies of the phase-
separation kinetics in a segmented polyurethane, 
Macromolecules 1992, 25, 1737-1742.
91
Liang, F.; Sadana, A.K.;  Peera, A.; J. Chattopadhyay, Z. Gu; Hauge, 
R.H.; Billups, W.E.  A Convenient Route to Functionalized Carbon 
Nanotubes, Nano Letters 2004, 4, 7, 1257-1260.
Liaw, D-J.; Liu, D.C-H.; Liaw, B-Y.; Ho, T-I.  Synthesis and 
characterization of novel polyaspartimides derived from 2,2′-
dimethyl-4,4′-bis(4-aleimidophenoxy)biphenyl and various 
diamines, Journal of Applied Polymer Science 1999, 73, 2, 279-
286.
McCrum; Buckley; Bucknell Principles of Polymer Engineering, 2003, 
117-176.
McCrum, N.G.; Read, B.E.; Williams, G.  Anelastic and dielectric effects 
in polymeric solids; Dover: New York, 1967.
Meyers, M.A.; Chawla, K.K.  Mechanical Behavior of Materials; 
Cambridge University Press: New York, 2009.
Minges, M.L.; Electronic Materials Handbook.  ASM International, 
1989.
92
Mohomed, K., PhD. Dissertation, The University of South Florida, 2006.
Mohomed, K.; Abourahma, H.; Zaworotko, M.J.; Harmon, J.P.;  
Persistent interactions between hydroxylated nanoballs and 
atactic poly(2-hydroxyethyl methacrylate) (PHEMA), chem comm 
2005, 26.
Mohomed, K.; Gerasimov, T.G.; Abourahma, H.; Zaworotko, M.J.; 
Harmon, J.P; Nanostructure matrix interactions in methacrylate 
composites, Materials Science and Engineering A 2005, 409, 
227–233.
Muisener, P.; Clayton, L.; D'Angelo, J.; Harmon, J.; Sikder, A.K.; 
Kuma,r A.; Meyyappan, M.; Chen, B.; Cassell, A.  Effects of 
gamma radiation on poly(methyl methacrylate)/single-wall 
nanotube composites, J. Mater. Research 2002, 17, 2507.
Muisener, P.; Clayton, L.; D'Angelo, J.; Harmon, J.; Sikder, A.K.; 
Kumar, A.; Meyyappan, M.; Chen, B.; Cassell, A.  Material 
Research Society Symposium Proceedings 2001, 697.
93
Paiva, M.C; Zhou, B.; Fernando, K.A.S.; Lin, Y.; Kennedy, J.M.; Sun, Y-
P.  Mechanical and morphological characterization of polymer–
carbon nanocomposites from functionalized carbon nanotubes, 
Carbon 2004, 42, 2849.
Park, C.; Z. Ounaies, K.A.; Watson, R.E.; Crooks, J;. Smith, S.E.; 
Lowther, J.W.; Connell, E.J.; Siochi, J.S.; Harrison, T.L.; St. 
Clair.;  Dispersion of Single Wall Carbon Nanotubes by In-Situ 
Polymerization Under Sonication, Chemical Physics Letters 2002, 
364, 3-4, 303-308.
Puskas, J.E.; El Fray, M.; Tomkins, M.; Dos Santos, L.M.; Fischer, F.; 
Altstädt, V.  Dynamic stress relaxation of thermoplastic 
elastomeric biomaterials, Polymer 2009, 50, 245.
Read, B.E.; Dean, G.D.  The Determination of Dynamic Properties of 
Polymers and Composites; Wiley and Sons: New York, 1978.
Ryan, A.J.; Stanford, J.L.; Tao, X.Q.  Morphology and properties of 
novel copoly(isocyanurate-urea)s formed by reaction injection 
moulding, Polymer 1993, 34, 4020-4031.
94
Said-Galiyev, E.E; Nikitin, L.N.  Polymers in Supercritical Fluids 1993, 
Mekhanika Kompozitnkh Materialov 1993, 29, 259-266.
Sánchez-Adsuara, M.S.; Pastor-Blasa, M,; Martín-Martíneza, J.M.  
Properties of Polyurethane Elastomers with Different Hard/Soft 
Segment Ratio, The Journal of Adhesion 1998, 67, 327.
Schmidt, M.; Giessl, A.; Laufs, T.; Hankeln ,T.; Wolfrum, U.; 
Burmester ,T.  How Does the Eye Breathe?: Evidence for 
Neuroglobin-mediated Oxygen Supply in the Mammalian Retina, 
J Biol Chem. 2003, 278, 3, 1932-5.
Schramm, G.; A Practical Approach to Rheology and Rheometry; 
Gebrueder HAAKE GmbH, 2000.
Seo, K.W.; Kim, D.J.; Park,.K.N.  Swelling properties of poly(AM-co-
AA)/chitosan pH sensitive superporous hydrogels, Journal of 
Industrial and Engineering Chemistry 2004, 10, 5, 794-800.
95
Sonnenschein, M.F.; Lysenko, Z.; Brune, D.A.; Wendt, B.L.; Schrock, A 
K.  Enhancing polyurethane properties via soft segment 
crystallization, Polymer 2005, 46, 10158.
Starkweather, Jr H.W.; Avakian, P.  Conductivity and the electric 
modulus in polymers, J Polym Sci Part B Polym Phys 1992, 30, 
637-41.
Stevens, M.P.  Polymer Chemistry: An Introduction, second ed, Oxford 
University Press; New York: 1990.
Sun, Y-P.; Fu, K.; Lin, Y.; Huang, W.  Functionalized Carbon 
Nanotubes: Properties and Applications, Acc. Chem. Res. 2002, 
35, 1096-1104.
TA instruments applications library, Application Bulletin A057, 
www.tainstruments.com (accessed December 4, 2012).
Tanzi, M.C; Farè, S.; Petrini, P.  In Vitro Stability of Polyether and 
Polycarbonate Urethanes, Journal of Biomaterials Applications 
2000, 14, 325.
96
Tatro, S.R.; Baker, G.R.; Bisht, K.; Harmon, J.P.  Probing multi-walled 
nanotube/poly(methyl methacrylate) composites with ionizing 
radiation, Polymer 2003, 44, 167-76.
Tsangaris, G.M.; Psarras, G.C.; Manolakaki, E.  DC And AC 
Conductivity In Polymeric Particulate Composites Of Epoxy Resin 
And Metal Particles, Adv Composite Letters 1999, 8, 1, 25.
Tretinnikov, O.N.; Uyama Y.; Ikada Y.; Kang, E.T.; Ma, Z.H.; Tan, K.L.  
Surface Hardness of Pristine and Modified Polyaniline Films, 
Langmuir 1999, 15, 16, 5389–5395.
Velankar, S.; Cooper, S L.  Microphase Separation and Rheological 
Properties of Polyurethane Melts. 3. Effect of Block 
Incompatibility on the Viscoelastic Properties, Macromolecules 
1998; 31, 9181.
Wang, Y.; Shan, H.; Hauge, R.H.; Pasquali, M.; Smalley, R.E. A Highly 
Selective, One-Pot Purification Method for Single-Walled Carbon 
Nanotubes. J. Phys. Chem. B 2007, 111, 6, 1249-1252
97
Wiggins, M.J.; MacEwan, M.; Anderson, J.M.; Hiltner, A.  Effect of soft-
segment chemistry on polyurethane biostability during in vitro 
fatigue loading, Journal of Biomedical Materials Research Part A 
2004, 68A, 668.
Wirpsza, Z, Kemp, TJ, Polyurethanes: chemistry, technology, and 
applications; Harwood: London, 1993.
Yoshimi, T.; Jain Ping, G.; Yoshihito O.  Novel hydrogels with excellent 
mechanical performance, Progress in Polymer Science 2005, 30, 
1, 1-9.
Yu Li;  Zhang X.; Luo, J.; Huang, W.; Cheng J.; Luo, Z.; Li, T.; Liu, F.; 
Xu, G.; Ke, X.; Li, L.; Herman, H.G.  Purification of CVD 
Synthesized Single-walled Carbon Nanotubes by Different Acid 
Oxidation Treatments. Nanotechnology 2004, 15, 1645-1649.
Zhang, J.; Doll, B.A.; Beckman, E.J.; Hollinger, J.O.  A biodegradable 
polyurethane-ascorbic acid scaffold for bone tissue engineering. 
Journal of Biomedical Materials Research A 2003, 67A, 2, 389.
98
